Previous studies have shown that SIRT2 plays a role in mitosis through deacetylating specific downstream targets. However, the upstream regulation of SIRT2 activity has been relatively unexplored. In this study, we provide evidence that NAD(P)H:quinone oxidoreductase 1 (NQO1) interacts with and activates SIRT2 in an NAD-dependent manner. Strong protein-protein interaction and co-localization of the two proteins during mitosis is required to maintain an active NQO1-SIRT2 axis which is critical for successful completion of mitosis. This is evident by the observed delay in mitotic exit in cells upon NQO1 inhibition. Mechanistically, this phenotype can be explained by the decrease in APC/C complex activity resulting from decreased SIRT2 deacetylation activity. Furthermore, we show that this newly established role of NQO1 has an impact on how cancer cells may respond to mitotic stress. In this regard, both pharmacologic and genetic NQO1 inhibition increases sensitivity to anti-mitotic drugs functioning as microtubule poisons by inducing mitotic arrest and allowing cells to accumulate cell death signals. Therefore, the significant prognostic value of NQO1 in predicting outcome of cancer patients might be explained in part due to the functional contribution of NQO1-SIRT2 axis to mitotic stress. Altogether, this novel mechanism of action further supports the pleiotropic biological effects exerted by NQO1 in addition to its antioxidant function and it might provide the basis for expanding the therapeutic potential of NQO1 inhibition towards increasing sensitivity to standard treatments.
Introduction
Sirtuin genes are the human and murine homologs of the S. cerevisiae silence information regulator 2 (Sir2) gene which was initially identified as a chromatin silencer [1] involved in lifespan extension [2] . In mammals, seven sirtuins (SIRT1-7) have been identified that share homology with Sir2 which are categorized as class III histone deacetylases present in nearly all subcellular compartments [3] . SIRT1, SIRT6 and SIRT7 are predominantly localized in the nucleus; SIRT3, SIRT4 and SIRT5 reside within the mitochondria; and SIRT2 is primarily found in the cytoplasm. The highly conserved structure of sirtuins, as well as their NAD + dependence [4] , has led to the suggestion that these enzymes are a family of nutrient-sensing regulators cooperating in semiredundancy to direct cellular metabolism in response to altered nutrition or stress. In addition to their function as deacetylases, several lines of evidence support a role for sirtuins in regulating different types of acylations such as succinilation, malonylation and myristoylation [5] . Focusing on acetylation as a regulatory post-translational modification (PTM) involved in several cellular functions [6] , it is well established that sirtuins through directing critical acetylome networks regulate a plethora of cellular functions including DNA repair, maintenance of genomic instability, apoptosis, response to stress and inflammation, control of energy efficiency, circadian clocks and metabolism, as well as contribute to the initiation and/or progression of agerelated diseases such as cancer, neurodegeneration and type 2 diabetes [3, 7] . Despite the predominant cytoplasmic localization of SIRT2 and its established deacetylation activity towards lysine-40 of alpha-tubulin [8] , among the first functions attributed to this member of the sirtuin family was its role in regulating mitosis. During this phase of the cell cycle, SIRT2 has been shown to control chromatin condensation by deacetylating histone H4 lysine 16 (H4K16Ac) [9] , as well as mitotic exit [10] . Furthermore, it has been found that SIRT2 is a mitotic checkpoint protein that blocks entry to chromosome condensation as well as regulates chronic mitotic arrest in response to mitotic stress [11, 12] . In accordance with the previously assigned functions, SIRT2 associates with several mitotic structures during the cell cycle including the centrosome, mitotic spindle, and midbody, presumably ensuring normal cell division [13] . Interestingly, both the tumor suppressor function in vivo and involvement in lifespan extension seem to be directly associated with its role in regulating known mitotic gatekeepers.
Sirt2
-/-mice develop spontaneous tumors due to the acetylation-dependent decreased activity of Anaphase-promoting complex (APC/C) resulting in mitotic defects and genomic instability [14] . Moreover, overexpression of Sirt2 in BubR1 hypomorphic mice increases median lifespan by inhibiting BubR1 ubiquitination through deacetylation of lysine 668 (K668) [15] . These studies provide valuable information focused on downstream pathways underlying the significant role of SIRT2 in mitosis, however much less is known about upstream pathways that may regulate its catalytic activity. With regards to this, SIRT2 can be phosphorylated by cyclin E-Cdk2 [16] . Cdks phosphorylate Ser-331 (or the comparable Ser-368 in an alternatively spliced version of SIRT2 [17] ) within a Cdk consensus sequence that is conserved in several sirtuin family members resulting in repressed SIRT2 enzymatic activity. Consistent with these previous studies, group IVA cytosolic phospholipase A2 was recently found to inhibit SIRT2 activity during the G2-to-M transition by promoting binding of SIRT2 to cyclin A-Cdk2 and Ser-331 phosphorylation further underlying Cdks as the only upstream regulators of SIRT2 activity [18] . NAD(P)H:quinone oxidoreductase 1 (NQO1) is an enzyme that protects cells from cytotoxic quinones and oxidative stress [19] . The two-electron reduction of quinones to hydroquinones by NQO1 using either NADH or NADPH is a detoxification reaction bypassing the formation of the highly reactive semiquinone [20] , whereas NQO1 may reduce superoxide to hydrogen peroxide [21] . In addition to these cytoprotective functions, it has also been involved in preventing proteosomal degradation of p53 [22] . Notably, NQO1-mediated reduction of quinones may result in the formation of cytotoxic hydroquinones. Based on this, bioactivation of quinone prodrugs by NQO1 has been proposed as a therapeutic strategy against cancer cells. β-lapachone is such an example which has been found to selectively kill lung, pancreatic and breast cancer cells expressing high levels of NQO1 [23, 24] . Despite the fact that mice lacking a functional Nqo1 are born normal [25] , concomitant with its cytoprotective functions, NQO1 protects mice from diverse chemical carcinogens [26] , and Nqo1 -/-mice exhibit reduced glucose and fatty acid metabolism due to the increased NAD(P)H/NAD (P) ratio [27] . Although NQO1 is predominately found in the cytoplasm, where it functions as a quinone reductase and/or antioxidant, it can translocate to the nucleus under stressful conditions which is thought to be relevant to its function in stabilizing p53. Interestingly, a recent study using both immunohistochemistry and confocal microscopy demonstrated that it is associated with the mitotic spindle during the different phases of mitosis [28] . Given that NQO1 activity can alter the NAD + /NADH ratio, together with the well-established role of SIRT2 during mitosis, our current study aims at exploring the undefined role of NQO1 localization in mitotic spindle and determine whether it may act as an upstream regulator of SIRT2 activity. Here we identify NQO1 as a SIRT2 interacting protein especially during mitosis and we demonstrate that NQO1 plays a role in maintaining SIRT2 activity through regulating the NAD + /NADH ratio. Thus, NQO1 is a novel regulator of SIRT2 mitotic functions and the active NQO1/SIRT2 axis is involved in both mitotic progression under normal conditions and cellular responses to mitotic stress.
Materials and methods

Cell culture and treatments
Human cancer cell lines MCF-7 (ATCC ® HTB-22 ™ ), MDA-MB-231 (ATCC® HTB-26™), HeLa (ATCC® CCL-2™) and PANC-1 (ATCC® CRL-1469™) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Human cancer cell lines T47D (ATCC® HTB-133™) and BxPC3 (ATCC® CRL-1687™) were cultured in RPMI-1640 medium supplemented with 10% FBS. Antibiotics were added to the culture medium (penicillin 10,000 units/ ml and streptomycin 10 mg/ml). Cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 and 95% O 2 . Cell lines were authenticated using CellCheck by IDEXX Bioresearch, and tested for mycoplasma using PlasmoTest™ -Mycoplasma Detection Kit (InvivoGen, Inc). Immortalized Sirt2 +/+ and Sirt2 -/-MEFs were made as described previously [29] . For the various cell treatments, Nocodazole, Thymidine, Dicoumarol, NAD and Paclitaxel were purchased from Sigma-Aldrich.
Plasmids/transfection/infection
NQO1 expressing vector (pCMV3-C-FLAG) was purchased from Sino Biological. Site-directed mutagenesis to introduce NQO1 P187S mutation was performed using a commercially available kit (Q5® Site-Directed Mutagenesis Kit, NEB). All SIRT2 and cell cycle related proteins constructs have been described previously [14] . siNQO1 human (sc-37139, Santa Cruz), siNQO1 mouse (sc-37140, Santa Cruz) and siRNA control (sc-37007, Santa Cruz) were used in all experiments at a final concentration of 20 nM. Transfections were performed using Lipofectamine RNAiMAX (Invitrogen). In brief, cells were seeded in six-well plates at 1.5 × 10 5 cells/well, 16 h prior to transfection. For each transfection, the cells were exposed to serum-and antibiotic-free Opti-MEM (Invitrogen) during 4 h and then supplemented with 500 µl of DMEM containing 10% FBS. MCF-7 cells stably expressing H2B-GFP were generated by transfecting MCF-7 cells with a H2B-GFP plasmid (Addgene, Plasmid #11680) following selection with 500 µg/ml G418 (Invitrogen). MCF-7 cell lines stably expressing either control or NQO1 shRNA were generated by infecting MCF-7 cells with lentiviral-based shRNA constructs. For this, target sequences were subcloned into a pLKO.1 lentiviral vector (Addgene, plasmid#8453). Cells were treated forty eight hours after infection with 1 µg/ml Puromycin (Sigma) and maintained for 2-3 weeks for selection.
Pull-down assays
Recombinant human SIRT2 and GST tagged NQO1 (GST-NQO1) proteins were purchased from Abcam and Creative BioMart, respectively. SIRT2 and GST-NQO1 were incubated for 1 h at 4°C with rotation in 20 mM Tris-HCl (pH 7.62), 150 mM NaCl and 1% Triton X-100 binding buffer. The mixture was then incubated with either Glutathione Sepharose beads (GE Healthcare) or SIRT2 pre-conjugated magnetic beads (Bimake) for an additional 2 h at 4°C with rotation. After 4-5 washes with binding buffer, samples were eluted with 4X LDS loading buffer, boiled for 5 min and loaded on an SDS gel. SIRT2 and GST-NQO1 were detected using a rabbit anti-SIRT2 antibody (1:1000, Protein Tech) and a mouse anti-GST antibody (1:1000, Santa Cruz) respectively. To check the molecular weight, 0.5 µg protein was loaded on a SDS-PAGE gel together with the SeeBlue® Plus2 Pre-Stained Standard (Thermo Fisher). Next, the gel was stained with coomassie blue followed by destaining with water.
Immunofluorescence
Cells were grown on chamber slides. Next cells were fixed in 4% (v/ v) paraformaldehyde for 10 min at room temperature, followed by cell permeabilization with 0.5% Triton X-100 for 10 min, and blocking with 10% normal goat serum for 1 h. Cells were incubated with appropriate primary antibodies against NQO1 (Cell signaling, dilution 1:200), and SIRT2 (Sigma, dilution 1:200) followed by incubation with Alexa Fluor 488 or 568 secondary antibodies (Life Technologies). The nuclei were stained with 4', 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI; ThermoFisher Scientific). Images were obtained using a confocal laser microscope (Nikon A1R) and a Structured Illumination Super-resolution microscope (Nikon N-SIM) in the Center for Advanced Microscopy, Northwestern University. 
Time-lapse imaging
H2B-GFP cells were seeded in 4-well Chamber slides (Nunc) followed by transfection with either control siRNA or NQO1 siRNA. Live cell imaging was performed using the Nikon BioStation equipped with a 20× objective enclosed in a chamber maintaining temperature at 37°C, and CO 2 concentration at 5% available in the Center for Advanced microscopy, Northwestern University.
In vivo ubiquitination assay
MCF-7 cells were transfected with HA-Ubiquitin, Myc-Aurora A and treated with MG132 (10 µM) for 4 h. Cells were harvested and in vivo ubiquitination assay was conducted as described previously [14] . Briefly, cells were lysed with two volumes of TBS (10 mM Tris-HCl pH 7.5, 150 mM NaCl) supplemented with 2% SDS for 10 min at 95°C. Eight volumes of 1% Triton X-100 in TBS was added to the lysate, followed by sonication and incubation with protein G-agarose beads for 2 h at 4°C. After centrifugation, the supernatant was incubated with anti-Myc conjugated beads overnight. The immunoprecipitates were washed with 0.5 M LiCl in TBS and eluted proteins were analyzed by immunoblotting with anti-Myc and anti-HA antibodies.
Mitotic index
Cells were plated on coverslips and fixed with 4% (v/v) paraformaldehyde in PBS for 10 min at room temperature, permeabilized with 0.5% Triton X-100 in PBS for 10 min, stained with phosphor-H3 (p-H3) antibody (Cell Signaling) and 4', 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, ThermoFisher Scientific), and mounted on glass microscope slides. The mitotic index (MI) was determined by inspecting cells under the microscope.
Colony formation ability
Cells were seeded in 6-well plates in triplicate and treated with nocodazole or paclitaxel for the indicated durations. After treatment, cells were washed twice with PBS and incubated in regular medium (drug-free) for 2 weeks. The resultant colonies were stained with 1% crystal violet/70% ethanol and then counted.
Kaplan-Meier (K-M) analysis
To perform K-M analysis on NQO1 mRNA expression, an open-access online survival analysis tool [30] was used to interrogate publically available microarray data from > 5000 breast cancer patients. Hazard ratios with 95% confidence intervals and logrank P values are calculated.
Statistics
Data are expressed as mean ± SEM. All experiments were repeated at least three times. Student's t-test and analysis of variance (ANOVA) were performed to determine the probability of statistically significant differences (P-values) using GraphPad Prism 7 (GraphPad Software, CA, USA) and recorded in figure legends. A P-value less than 0.05 was considered statistically significant.
Results
SIRT2 colocalizes with NQO1 in the mitotic spindle
It has been previously shown that SIRT2 localizes to the mitotic spindle functioning as a deacetylase to regulate mitotic progression [13, 14] . Similar to SIRT2, NQO1 has been also recently found to associate with the mitotic spindle while still maintaining catalytic activity [28] . Although this indicates that NQO1 might be involved in regulating mitosis, the exact underlying mechanism is unexplored. Given that NQO1 oxidizes NAD(P)H to NAD(P)+, we hypothesized there might be a coherent interplay between NQO1 and SIRT2 during mitosis. To this end, we sought to determine, first, whether the two proteins co-localize to the mitotic spindle. NQO1 is expressed in MCF-7 cells ( Supplementary Fig. 1A ) and it has been previously reported to bind the mitotic spindle [28] . Immunofluorescent staining of MCF-7 breast cancer cells using confocal microscopy revealed that both endogenous NQO1 and SIRT2 are located primarily in the cytoplasm. However, intense immunostaining for both proteins was observed at different phases of mitosis, including metaphase and telophase (Fig. 1A, B ). After drawing a transversal line through the nucleus in the merged images using ImageJ software, the signal intensities for SIRT2, NQO1 and DAPI strongly supported the colocalization of both proteins to the mitotic spindle (Fig. 1A , B right). To exclude that the observed colocalization is cell type dependent, immunofluorescent staining was also performed in BxPc-3 human pancreatic adenocarcinoma cell line where NQO1 mitotic spindle localization was first reported [28] . Again, colocalization of SIRT2 and NQO1 was confirmed (Fig. 1C, D) , whereas higher magnification images show that both proteins localize to different structures of the spindle during mitosis including metaphase, anaphase and telophase (Fig. 1E-G and Supplementary Fig. 1B, C) . These results suggest that SIRT2 and NQO1 might be binding partners during mitosis.
Since it is unclear whether SIRT2 and NQO1 bind either directly or indirectly to mitotic structures, we wanted to examine whether their interaction is required for tethering to the mitotic spindle. MDA-MB-231 breast cancer cells and PANC-1 pancreas ductal adenocarcinoma cells do not express NQO1 ( Supplementary Fig. 1A ) due to homozygous expression of the NQO1*2 polymorphism resulting in decreased protein stability through ubiquitination-dependent degradation by the proteasome. Despite the absence of NQO1, SIRT2 was still able to localize to the spindle in both cell lines as revealed by immunofluorescence staining and confocal microscopy ( Supplementary Fig. 1D , E). To elucidate whether SIRT2 is required for NQO1 binding to the spindle, similar staining was performed in Sirt2 -/-MEFs [14, 29] as well. In accordance with the previous result, NQO1 interaction with the spindle was not affected by the loss of SIRT2 (Supplementary Fig. 1F , G), suggesting that SIRT2 and NQO1 bind independently to the mitotic spindle.
NQO1 interacts with SIRT2
To start unraveling the mechanistic details regarding the interplay between SIRT2 and NQO1, we checked whether the two proteins are present in the same protein complex. Reciprocal co-immunoprecipitation (co-IP) experiments confirmed interaction between Flag-NQO1 and HA-SIRT2 in MCF-7 cells ( Fig. 2A) . Same results were obtained when co-IP experiments were performed using antibodies to detect endogenous proteins (Fig. 2B) . The strong colocalization of the two proteins during mitosis, as revealed by confocal microscopy ( Fig. 1) , prompted us to check protein-protein interaction in cells synchronized at the G2/M phase of the cell cycle. MCF-7 cells were synchronized in mitosis following treatment with nocodazole ( Supplementary Fig. 2A ). Co-IP experiments showed a strong interaction between HA-SIRT2 and Flag-NQO1 (Fig. 2C) . To exclude either a cell-type specific effect or an effect specific to the synchronization protocol, HeLa cells were synchronized at the G2/M phase after serum starvation and release to regular medium (Supplementary Fig. 2B ). Convincingly, a stronger . 48 h after transfection, cell lysates were subjected to immunoprecipitation (IP) using either a Flag (left) or an HA (right) antibody followed by western blotting using antibodies against HA and Flag, respectively. Specificity was confirmed by using species-matched control IgG as a negative control. (B) Cell lysates from MCF-7 cells were subjected to immunoprecipitation (IP) using a SIRT2 antibody followed by western blotting using an anti-NQO1 antibody. * denotes Ig heavy and light chain. (C) Cell lysates from MCF-7 cells as described in (A) either unsynchronized or synchronized in mitosis after treatment with nocodazole (Noc, 200 nM for 12 h) were subjected to immunoprecipitation using an antibody against HA followed by western blotting using a Flag antibody. Specificity was confirmed by using species-matched control IgG as a negative control. Overexpression of both Flag-NQO1 and HA-SIRT2 is confirmed by western blotting (lower). (D) Reciprocal co-immunoprecipitation of endogenous SIRT2 and NQO1 in either unsynchronized or synchronized in mitosis Hela cells. For cell synchronization, HeLa cells were serum starved for 48 h and then released into regular media for 16 h. Cell lysates were subjected to immunoprecipitation (IP) using either a SIRT2 (left) or an NQO1 (right) antibody followed by western blotting using antibodies against SIRT2 and NQO1. Specificity was confirmed by using species-matched control IgG as a negative control. (E) Either unsynchronized or synchronized in mitosis (syn, as described in C) MCF-7 cells were fractionated into cytoplasmic extracts (cyt) and nuclear extracts (nuc). Levels of both SIRT2 and NQO1 were detected by western blotting. Successful cellular fractionation was confirmed by western blotting using antibodies against markers such as Lamin A/C (nuc) and actin (cyt). (F) Recombinant human SIRT2 and GST-NQO1 were used to check protein-protein interaction in vitro. Coomassie staining shows the molecular weight of the two proteins. GST-NQO1 was immunoprecipitated followed by SIRT2 immunodetection of (upper). In addition, SIRT2 was immunoprecipitated first, followed by immunodetection of GST-NQO1 (lower). Beads alone were used in the pull-down assays as negative controls.
interaction of the two proteins was detected in synchronized cells as compared to unsynchronized cells (Fig. 2D) . This was consistent with relatively more abundant accumulation of both proteins in the nuclear fraction in synchronized cells as revealed by detecting intracellular biochemical distribution of both SIRT2 and NQO1 after fractionation into cytoplasmic (cyt) and nuclear (nuc) extracts.
To confirm the direct interaction between the two proteins, co-IP experiments were performed in a cell-free system using purified proteins. As shown in Fig. 2F , pull-down of GST-tagged NQO1 resulted in immunodetection of SIRT2, whereas no interaction was detected when control beads were used. Same results were obtained when pull-down of SIRT2 was performed first, followed by immunodetection using an anti GST antibody to detect NQO1. Again, no interaction was detected using control beads. Collectively, these results strongly support a direct interaction between the two proteins.
NQO1 positively regulates SIRT2 deacetylase activity
Based on the identified colocalization and physical interaction of NQO1 and SIRT2, we next sought to explore the physiological consequences of this interaction. Given that NQO1 activity can alter the NAD + /NADH ratio, we assumed that NQO1 might function as an upstream regulator of SIRT2. To optimally test this hypothesis, acetylated levels of α-tubulin were used as a readout for SIRT2 activity [8] .
Knockdown of NQO1 using siRNA resulted in increased levels of acetylated Lys-40 α-tubulin in MCF-7 cells as compared to cells transfected with ctr siRNA (Fig. 3A) . On the contrary, decreased α-tubulin acetylation was detected after exogenous expression of NQO1 in MDA-MB-231 cells (regarded as NQO1 null) (Fig. 3B) . Consistent with genetic inhibition, cells treated with the NQO1 inhibitor dicoumarol showed increased levels of acetylated α-tubulin (Fig. 3C ). Considering that sirtuins are NAD + dependent deacetylases, we further examined whether decreased SIRT2 deacetylase activity was accompanied with decreased NAD + levels. Indeed, NQO1 knocked-down MCF-7 cells exhibited a reduction in the NAD + /NADH ratio ( Fig. 3D-F) .
Simultaneously, NQO1 knocked-down cells exhibited a decrease in SIRT2 activity as revealed using a fluorometric assay to check for enzymatic activity (Fig. 3G ). More importantly, exogenous NQO1 expression or NAD + supplementation restored to normal levels acetylated α-tubulin in the NQO1 knocked-down cells (Fig. 3H) implying that NQO1 may regulate directly SIRT2 activity.
Lys-16 histone H4 (H4K16) has been previously described as a SIRT2-specific deacetylation target [9] . Therefore, Lys-16 acetylation is considered to be a marker for intracellular SIRT2 activity [18] and, for this reason, it was also included in our analysis. Consistent with previous results, NQO1 overexpression decreased H4K16 acetylation in MCF-7 cells whereas expression of an NQO1 mutant (NQO1
P187S
), which exhibits decreased protein stability and enzymatic activity, had no effect (Fig. 3I, lanes 1, 3 and 5) . However, NQO1 overexpression combined with SIRT2 knock-down failed to reduce H4K16 acetylation (Fig. 3I, lanes 3 and 4) , implying that there is a functional interplay between the two proteins. Similarly, Nqo1 knockdown in Sirt2 -/-MEFs didn't affect H4K16 acetylated levels as opposed to the increased levels detected upon Nqo1 knockdown in Sirt2 +/+ MEFs ( Fig. 3J lanes 2, 4 vs   lanes 1, 3) , whereas NQO1 overexpression didn't reverse H4K16 acetylation in cells lacking Sirt2 (Fig. 3J ). The differences in the acetylated levels of downstream SIRT2 targets could be explained by decreased SIRT2 protein levels, decreased deacetylation activity or both. However, the unchanged levels of SIRT2 levels upon either NQO1 downregulation or NQO1 overexpression in different cell systems (Fig. 3) , the unaltered stabilization of SIRT2 by assessing protein levels after cycloheximide treatment in both control and NQO1 knocked-down cells ( Supplementary Fig. 2C , D) along with the previously described concomitant decrease in both NAD + levels and SIRT2 enzymatic activity upon NQO1 downregulation (Fig. 3C-F) , substantially suggest that altered SIRT2 deacetylase activity is the underlying mechanism.
NQO1-SIRT2 axis regulates mitotic progression
Since SIRT2 catalytic activity has been previously shown to regulate mitotic progression [14] , we examined the unexplored role of NQO1 in mitotic cells which could provide insights into its functional role resulting from its presence in mitotic structures. Both control (ctr) siRNA and NQO1 siRNA transfected MCF-7 cells were synchronized in mitosis after treatment with nocodazole as described previously followed by release in normal medium. To determine progression and completion of mitosis, flow cytometry using propidium iodide DNA staining was employed at different time points after release in normal medium. MCF-7 NQO1 siRNA cells exhibited a significant delay in completing mitosis and progressing to G1 compared to control cells as revealed by the decreased number of cells in G1 phase following mitotic synchronization (Fig. 4A, B) . Same results were obtained when stable NQO1 knockdown cells were analyzed ( Fig. 4C and Supplementary Fig. 3A) . The opposite effect was observed after exogenous NQO1 expression in MDA-MB-231 cells (NQO1 null). In this case, the ratio of G1 to G2/M cells following mitotic synchronization with nocodazole treatment was increased upon NQO1 expression ( Supplementary Fig. 3B and C) , although the response was weaker compared to the effect of NOQ1 inhibition on MCF-7 cells.
Cell division phenotypes are rare and transient in cell culture and are therefore missed in endpoint assays. For this reason, live-cell imaging was used to monitor mitotic progression. Analysis by phase- Fig. 3 . P187S . 48 h after transfection, lysates were analyzed by western blotting using antibodies against Lys-40 acetylated tubulin (Ac-Tubulin), Flag, SIRT2 and tubulin/actin. Quantification of acetylated tubulin levels are presented, **p < 0.01. (C) MCF-7 cells were treated with Dicoumarol (100 uM) for different times or with different concentrations as indicated for 24 h. Lysates were analyzed by western blotting using antibodies against Lys-40 acetylated tubulin (Ac-Tubulin), SIRT2 and tubulin. Quantification of acetylated tubulin levels are presented, *p < 0.05. (D, E, F) MCF-7 cells were transfected with either control (ctr) siRNA or NQO1 siRNA. Cells were lysed in extraction buffer, and NADtotal (NAD and NADH) (D) as well as NADH alone (E) were calculated. The ratio of NAD/NADH (F) is calculated based on the formula (NADtotal-NADH)/NADH. Data represent Mean ± SEM of three independent experiments, *P < 0.05. (G) MCF-7 cells were transfected with either control (ctr) siRNA or NQO1 siRNA. 48 h after transfection, SIRT2 activity in these lysates was determined by using a fluorometric assay based on the deacetylation of a unique target peptide included in the kit (FLUOR DE LYS® SIRT2 Deacetylase Fluorometric Assay Kit). Data represent Mean ± SEM of three independent experiments, *P < 0.05. (H) MCF-7 cells were transfected with either control (ctr) siRNA or NQO1 siRNA. NQO1 knockdown cells were next transfected with NQO1 cDNA or treated with NAD + (0.5 mM). Cell extracts were analyzed by western blotting using antibodies against Acetylated-Tubulin (Ac-tubulin), NQO1, SIRT2 and actin/GAPDH. * denotes exogenously expressed Flag-NQO1, whereas ** denotes the expression of endogenous NQO1. (I) MCF-7 cells were transfected with either control (ctr) siRNA or SIRT2 siRNA in the presence or absence of exogenously expressed NQO1 or NQO1
P187S
. Cell extracts were analyzed by western blotting using antibodies against acetylated histone H4 lysine16 (Ac-H4K16), SIRT2, Flag (NQO1) and actin. Note that NQO1
P187S cannot be detected as this mutation affects enzymatic activity by extremely decreasing stability due to ubiquitination and proteasomal degradation [44] . (J) Wild-type (Sirt2
) and Sirt2 knockout (Sirt2 -/-)
MEFs were transfected with either control (ctr) siRNA, Nqo1 siRNA or Flag-NQO1 cDNA. Cell extracts were analyzed by western blotting using antibodies against acetylated histone H4 lysine16 (Ac-H4K16), SIRT2, Flag (NQO1) and actin.
contrast in live-time lapse microscopy revealed that control cells could complete mitosis in less than 90 min as indicated by successful cytokinesis and formation of two daughter cells ( Fig. 4D and Supplementary video 1). In contrast, NQO1 knocked-down cells resulted in mitotic defects including cells that failed to complete mitosis for an extended period of time (Fig. 4D , lower and Supplementary video 2). This effect was further confirmed after treating cells with dicoumarol ( Supplementary Fig. 3D ), a pharmacologic inhibitor of NQO1 that has been shown not to affect binding of NQO1 to mitotic spindles [28] . The mitotic defects due to NQO1 knockdown were further confirmed in 
MCF-7 cells stably expressing a chromatin marker (H2B-GFP
). An obvious observation after checking the cells under microscope was that the number of cells with high fluorescence intensity was higher in the NQO1 knocked down cells compared to control cells, which was an indication of an increased number of cells with condensed chromosomes. Indeed, live-time lapse microscopy showed that NQO1 knocked down cells exhibited mitotic defects as revealed by either the significant delay or failure in successfully exiting mitosis (Fig. 4E, F and Supplementary video 3 and 4). To show that NAD+ is the key function of NQO1 in regulating mitotic progression, NQO1 knocked down cells were treated with nicotinamide mononucleotide (NMN), an NAD+ precursor. There are several studies that have used this approach to augment NAD+ levels at both the cellular and organismal level resulting in beneficial effects in the context of obesity, aging, and diabetes [31] [32] [33] . Of note, NMN treatment (0.5 mM) rescued the mitotic defects observed in siNQO1 cells as evidenced by the increased number of cells that could successfully complete mitosis ( Fig. 4F and Supplementary video 5 and 6). Supplementary material related to this article can be found online at doi:10.1016/j.freeradbiomed.2018.08.009.
NQO1 interacts with APC/C complex and regulates its activity through SIRT2
Of note, Sirt2 -/-cells have been previously found to display abnormalities in mitosis including failure to complete cytokinesis and arrest at metaphase [14] . These phenotypes have been attributed to the role of SIRT2 in regulating APC/C complex formation and activity through deacetylating co-activators essential for substrate specificity, such as Cdc20 and Cdh1 [34] . Provided that NQO1 interacts with SIRT2 and regulates its deacetylation activity, we sought to determine the impact of NQO1-SIRT2 axis on APC/C complex. Cdh1 and Cdc20 activate APC/C by binding to Cdc27, whereas increased acetylation upon Sirt2 loss impairs their interaction [14, 35] . To this end, following Cdc27 immunoprecipitation, decreased interaction of both Cdc20 and Cdh1 was detected in MCF-7 cells knocked-down for NQO1 as compared to control cells, whereas no difference was observed with regards to other components of the protein complex (Fig. 5A) . Furthermore, NQO1 was found to be associated with the APC/C complex following Cdc27 immunoprecipitation (Supplementary Fig. 4A ). Given that protein-protein interaction between the co-factors and Cdc27 is negatively regulated by acetylation, we wanted to check whether NQO1 affects protein acetylation through its role in regulating SIRT2 activity. Decreased interaction between Cdh1 and Cdc27 was associated with increased Cdh1 acetylation upon NQO1 knockdown (Fig. 5B, C) . Moreover, we couldn't detect interaction between Cdh1 and SIRT2 upon NQO1 knockdown, which is consistent with the negative role of Cdh1 acetylation in the formation of the APC/C complex ( Supplementary  Fig. 4B ). All together, these results imply that decreased SIRT2 deacetylation activity underlies the effect of NQO1 knockdown on APC/C complex.
The interaction between Cdc27 and co-activators plays an important role in activation of APC/C which marks several cell cycle protein during mitosis for ubiquitin-mediated degradation by the 26S proteasome. This prompted us to check whether NQO1 inhibition impairs APC/C activity as a result of the observed defect in APC/C complex formation. Towards this end, we performed further analysis and detected increased levels of multiple mitotic regulators, including Aurora-A, Cyclin B1 and Cdc20 (an APC/C-Cdh1specific substrate), after cells were released from mitosis in NQO1 knocked down cells as compared to control cells (Fig. 5D, E) . Since NQO1 inhibition decreases the protein levels of mitotic regulators and NQO1 regulates the APC/C-Cdh1 interaction, we used an in vivo ubiquitination assay to directly assess APC/C activity. Control and NQO1 knocked-down MCF-7 cells were cotransfected with myc-tagged Aurora-A and hemagglutinin (HA)-ubiquitin plasmids. Following treatment with the proteasome inhibitor MG132, immunoprecipitated Aurora-A showed enhanced ubiquitination in the control cells whereas ubiquitinated levels were decreased in shNQO1 cells (Fig. 5F ). Notably, NQO1 was found to interact with Aurora A under these experimental conditions confirming that it is part of the complex regulating Aurora A ubiquitination ( Supplementary  Fig. 4C ). Conversely, NQO1 expression in cells co-transfected with myctagged Aurora-A and hemagglutinin (HA)-ubiquitin plasmids resulted in increased Aurora-A ubiquitination following treatment with MG-132. Collectively, these result suggest that the mitotic defects observed in cells upon NQO1 inhibition might be due to impaired APC/C activity as NQO1-SIRT2 axis plays a regulatory role on both formation and activity of the complex.
NQO1-SIRT2 axis regulates checkpoint activation and response to mitotic stress
Compounds inducing mitotic arrest represent one of the most important classes of cancer drugs [36] used in the treatment of different types of cancer including breast, lung and pancreatic cancer. The underlying mechanism involves the activation of the spindle assembly checkpoint (SAC), whereas prolonged delay in mitosis has been positively associated with increased sensitivity [37] . Given that APC/C inhibition is a requirement for successful SAC-induced mitotic arrest, and can negatively affect mitotic progression, we examined the contribution of NQO1-SIRT2 axis in this context. To this end, nocodazole was, first, used as a mitotic stressor based on its function in causing mitotic stress without affecting DNA damage checkpoints. MCF-7 cells treated with nocodazole for various times exhibited increased mitotic index (MI) as Fig. 5 . NQO1-SIRT2 axis regulates APC/C complex during mitosis. (A) Cell extracts from control shRNA (sh ctr) and NQO1 shRNA (sh NQO1) MCF-7 cells were used to immunoprecipitate endogenous Cdc27. Interaction with several components of the APC/C complex was determined by western blotting using the indicated antibodies. Specificity was confirmed by using species-matched control IgG as a negative control. Input levels of the interacting proteins are shown (right). (B) MCF-7 cells overexpressing HA-Cdh1 were transfected with either control (ctr) siRNA or NQO1 siRNA followed by immunoprecipitation using an anti-acetylated lysine antibody (Ac-K). Acetylated levels of Cdh1 were checked by western blotting using an anti-HA antibody. Specificity was confirmed by using species-matched control IgG as a negative control. In parallel, immunoprecipitation with an antibody against Cdc27 was performed to check interaction between Cdc27 and Cdh1. Input levels of both Cdc27 and NQO1 are shown. (C) MCF-7 cells were transfected with either control (ctr) siRNA or NQO1 siRNA followed by immunoprecipitation using an antiacetylated lysine antibody (Ac-K). Acetylated levels of endogenous Cdh1 were checked by western blotting using an anti-Cdh1 antibody. Specificity was confirmed by using species-matched control IgG as a negative control. In parallel, immunoprecipitation with an antibody against Cdc27 was performed to check interaction between Cdc27 and Cdh1. Input levels of Cdh1, Cdc27 and NQO1 are shown. (D) Western blot analysis in whole cell lysates MCF-7 cells transfected with either control (ctr) siRNA or NQO1 siRNA. Antibodies against well-established mitotic proteins including Aurora A, Cyclin B1 and Cdc20 were used. Mitotic cells following nocodazole treatment were collected by shake-off, replated and harvested at indicated time points. Protein levels of SIRT2, NQO1 and actin are shown. (E) Quantification of Aurora A protein levels in (D) using the ImageJ software is presented. (F) For in vivo ubiquitination assay, Myc-Aurora A and HA-Ubiquitin were cotransfected into control shRNA (sh ctr) and NQO1 shRNA (sh NQO1) MCF-7 cells. To block proteasomal degradation, cells were treated with MG132 (10 µM, 4 h). Aurora A was immunoprecipitated using an anti-Myc antibody followed by western blotting against HA to detect ubiquitinated levels of Aurora A. Levels of NQO1 and actin are shown. (G) A similar in vivo ubiquitination assay was performed in MCF-7 cells transfected with either a control (ctr) vector or a Flag-NQO1 vector. Aurora A was immunoprecipitated using an anti-Myc antibody followed by western blotting against HA to detect ubiquitinated levels of Aurora A. Levels of Flag-NQO1 and actin are shown.
compared to untreated cells indicating mitotic arrest as a cellular response. Consistent with the role of NQO1 inhibition in delaying mitotic progression under normal conditions (Fig. 4) , NQO1-knockdown enhanced the response to nocodazole treatment (Fig. 6A) by increasing the MI. More importantly, NQO1 inhibition reversed the effect of SIRT2 overexpression in decreasing the MI upon nocodazole treatment (Fig. 6B) . In further support, breast cancer cells expressing NQO1 exhibited decreased MI upon nocodazole treatment as compared to breast cancer cells with low endogenous NQO1 levels ( Supplementary Fig. 1A and 5A). Provided these results, we wanted to examine whether the increased mitotic arrest in NQO1 knocked down cells will affect sensitivity in response to nocodazole treatment by checking the survival of cells in chronic mortality assays. Following removal of the drug after treatment for the various times as indicated in Fig. 6C , number of colonies formed was scored after 14 days. As shown (Fig. 6C) , NQO1 suppression enhanced sensitivity to nocodazole for treatment times exceeding 24 h which could be the result of an increase in mitotic arrest.
Enhanced sensitivity under conditions of mitotic stress may directly affect response of cancer cells to chemotherapeutic drugs that function through inducing mitotic stress. For this, we sought to examine the contribution of NQO1-SIRT2 axis in response to paclitaxel treatment (Fig. 6D ). In accordance with previous results, we detected an increase in MI when NQO1 was knocked down. Furthermore, we confirmed that the negative effect of SIRT2 overexpression in mitotic arrest was abolished following genetic inhibition of NQO1. As observed previously with nocodazole treatment, NQO1 levels negatively correlated with MI in presence of paclitaxel ( Supplementary Fig. 5B ). To determine whether the effect on mitotic arrest could determine sensitivity to paclitaxel treatment, both cell viability and chronic mortality assays were employed. Co-treatment of cells with paclitaxel and dicoumarol (NQO1 inhibitor) significantly decreased cell viability as opposed to paclitaxel alone ( Fig. 6E and Supplementary Fig. 5C ). Interestingly, increased NQO1 protein levels were detected in response to paclitaxel treatment ( Supplementary Fig. 5D ), justifying the potential use of NQO1 as a pharmacological target in this context. More importantly, NQO1 knockdown decreased the number of colonies formed following treatment with paclitaxel in chronic mortality assays (Fig. 6F) . Of note, clinical data analysis shows that higher mRNA expression of NQO1 is associated with poor outcome as evident by the decreased recurrence-free survival of breast cancer patients, including ER-negative breast cancer patients (Fig. 6G, H and Supplementary Fig. 5E-H) . Provided that recurrence results from lack of response to drug treatment, these findings further emphasize the potential therapeutic potential of NQO1 inhibition towards improving treatment outcomes by, at least to some extent, increasing sensitivity to anti-mitotic drugs.
Discussion
Several previous studies have shown that SIRT2 plays a significant role in mitosis by unveiling downstream pathways/targets involved [9, 11, 14, 17] . In contrast to this, much less is known about upstream regulators that may control its catalytic activity and functions. In this study, we provide evidence that NQO1 is an upstream regulator of SIRT2 (proposed model is summarized in Fig. 6I ). NQO1 directly interacts with SIRT2 and regulates its activity by functioning as an NAD (P)H dehydrogenase and providing NAD + , which is a required co-factor for SIRT2. The strong protein-protein interaction and co-localization of the two proteins during mitosis imply a novel role for NQO1 during this phase of the cell cycle which provides a mechanistic understanding of its unexplored, up to date, localization in the mitotic spindle [28, 38] . In this regard, NQO1 could be involved in regulating acetylation status of SIRT2-specific targets including Cdc20 and Cdh1. Consistent with this, our results show that NQO1 inhibition perturbs proper APC/C complex formation due to acetylation-mediated impaired interaction between Cdc20/Cdh1 and Cdc27. This negatively affects APC/C complex activity as revealed by decreased ubiquitination of mitotic proteins. Therefore, mitotic defects observed upon NQO1 inhibition by using live-cell imaging could be explained provided the regulatory role of NQO1/SIRT2 axis in progression of mitosis. Intriguingly, our results showing that treatment with nicotinamide mononucleotide (NMN), an NAD+ precursor, alleviates the observed mitotic defects in NQO1 knocked down cells, underscore the dependency of the NQO1-SIRT2 interplay on NAD.
APC/C is a 13-subunit ubiquitin ligase that initiates the metaphase-anaphase transition and mitotic exit by targeting proteins such as securing and cyclin B1 for ubiquitin-dependent destruction by the proteasome. Because delaying or blocking mitotic exit is considered an effective approach to induce cell death, mitosis and APC/C, more specifically, have been targeted for therapeutic benefit [37, 39] . Given the observed delay in mitotic completion upon NQO1 inhibition under normal conditions, which could be explained through the effect on SIRT2-regulated APC/C activity, we sought to determine the response of cancer cells under mitotic stress. Here, we show that NQO1 inhibition in cancer cells increases sensitivity to anti-mitotic drugs functioning as microtubule poisons. The observed increase in cells arrested in mitosis might be attributed to decreased SIRT2 activity and, concomitantly, decreased APC/C complex activity upon NQO1 inhibition. Therefore, a prolonged delay in mitosis could allow cells to accumulate cell death signals and prevent mitotic slippage which is thought to be one of the main mechanisms of resistance against anti-mitotic drugs.
Drugs that inhibit microtubule dynamics activate the spindle assembly checkpoint (SAC) that delays mitosis through inhibiting APC/C to provide cells with additional time to resolve errors in microtubulekinetochore attachment [40] . Nevertheless, SAC does not fully inhibit (ii) Under mitotic stress, SAC activity remains high which is required for efficient APC/C inhibition, and mitotic arrest. APC/C activity is not fully inhibited which may eventually contribute to SAC inhibition, escape from mitotic arrest, mitotic slippage and resistance to anti-mitotic drugs. (iii) Given that NQO1-SIRT2 is a positive regulator of APC/C, NQO1 inhibition tips the balance towards APC/C inhibition and enhanced mitotic arrest which may confer sensitivity to microtubule poisons.
the APC/C during normal division, as residual activity is required to allow mitotic exit by eventually inactivating the SAC [41] . In a similar manner, during mitotic stress in presence of nocodazole (through blocking polymerization of tubulin) or paclitaxel (through stabilizing microtubules), SAC activation remains above the rate at which the APC/C inactivates the SAC, thereby preventing mitotic progression. However, residual APC/C activity may inactivate SAC and induce mitotic slippage, thus affecting duration of mitotic arrest and response to anti-mitotic drugs. In this context, it is reasonable to propose, that NQO1 inhibition through decreasing SIRT2 activity enhances the inhibitory effect of SAC on APC/C activity (Fig. 6J) . Therefore, tipping the balance towards APC/C inhibition and preventing mitotic slippage may provide the underlying mechanism for the increased sensitivity to anti-mitotic drugs upon NQO1 inhibition.
Although NQO1 is not considered as an essential protein/gene for mitosis, we propose that it may fine tune SIRT2 activity and responses to mitotic stress. Loss of essential genes is associated with developmental defects. For example, mutant embryos lacking Cdh1, the APC/C complex regulator, die at E9.5-E10.5 due to mitotic defects [42] . On the contrary, Sirt2
-/-mice do not exhibit any developmental effects even though we showed previously that SIRT2 regulates APC/C activity through deacetylation of Cdc20/Cdh1 [14] . With this in mind, it is not surprising that Nqo1 -/-mice are developmentally normal, despite the regulatory role of NQO1 on APC/C activity through SIRT2. We believe that it is expected that deletion of genes resulting in decreased activity of APC/C has less severe effects compared to deletion of genes essential for mitosis such as components of the APC/C complex that may result in complete deactivation of the APC/C complex. This is further supported by the finding that Cdh1 +/-mice, where APC/C activity is not completely lost, do not show any developmental abnormalities [42] . However the role of regulatory genes/proteins might be more evident under stressful conditions where APC/C activity drives cellular responses. For this reason, based on our results, we propose that the NQO1/SIRT2 axis may affect cellular outcomes in response to mitotic stress. Notably, NQO1 has attracted growing interest from a therapeutic perspective. Its role in bioactivation quinone prodrugs, such as β-lapachone, has been recently exploited in cancer cells. To this end, it has been shown that cells expressing high levels of NQO1 can be selectively killed with β-lapachone monotherapy or combined therapy with PARP inhibitors [23, 24] . In addition to these studies, our results underscore that NQO1 could be used as a therapeutic target or a biomarker for response and resistance to anti-mitotic drugs based on its new role in regulating mitosis. Although targeting mitosis and mitotic exit has been theoretically plausible for therapeutic purposes, failure to discriminate between cancer and normal proliferating cells often causes toxic side effects. With regards to this, NQO1 inhibition may provide an opportunity to specifically target mitosis in cancer cells while not affecting normal cells given the low NQO1 expression in normal tissues as opposed to its high expression in tumors (Supplementary Fig. 5E-G) . Furthermore, based on the heterogeneity with regards to NQO1 expression among tumors within the same cancer type ( Supplementary  Fig. 5E -G) and our previous results, it is reasonable to suggest that NQO1 low expressing tumors might be more sensitive to anti-mitotic drugs implying a new possible role for NQO1 as a predictive biomarker for drug response.
Further highlighting the emerging roles of NQO1 in cancer, a recent study revealed that NQO1 confers the tamoxifen-resistance phenotype in ER-positive breast cancers cells [43] . Although the underlying mechanism is still obscure, NQO1 showed to drive an enhanced mitochondrial metabolic phenotype which rendered breast cancer cells more resistant to tamoxifen treatment. This hypothesis was supported by analyzing clinical data showing that higher levels of NQO1 mRNA strongly predicted patient relapse in high-risk ER-positive breast cancer patients receiving endocrine therapy. Following a similar approach, our analysis shows that NQO1 has significant prognostic value in other types of breast cancer (Fig. 6G, H and Supplementary Fig. 5H ). For example, high NQO1 expression is associated with reduced relapse-free survival in ER-negative tumors. As these aggressive tumors are characterized by a lack of response to chemotherapy including anti-mitotic drugs, this finding might be indicative of a clinical association with treatment resistance which is not limited to tamoxifen. Thus, elevated levels of NQO1 could contribute to resistance to microtubule poisons, such as paclitaxel, that might provide the basis for novel therapeutic strategies to inhibit NQO1 and increase sensitivity to standard treatments.
In summary, our study identifies NQO1 as a novel upstream regulator of SIRT2. By directly modulating NAD + levels, it directs SIRT2 activity during mitosis in a mechanistically distinct way compared to Cyclin E-Cdk2 which regulates SIRT2 activity through phosphorylating Ser-331 [16, 17] . More importantly, the NQO1-SIRT2 axis regulates normal progression of mitosis by modulating APC/C activity as well as response to mitotic stress imposed by microtubule poisons. These findings reveal a new role for NQO1 in cancer, which can explain, at least to some extent, why high NQO1 expression is associated with poor outcome of cancer patients. More importantly, our study opens up new therapeutic opportunities targeting NQO1 as a means to increase sensitivity to anti-mitotic drugs that are currently used as standard care in the clinic.
